In the present work, the mineralogical-petrographic and physical features of Middle Jurassic sandstones with macrofossil plant remains belonging to the Domenico Lovisato collection, housed at the Geological and Palaeontological Museum of the Cagliari University (Sardinia, Italy), have been studied to define the alteration processes and the consolidating treatment. These sandstones, coming from the Genna Selole formation (central Sardinia), show evident problems of physical decay, due to petrophysical and compositional characteristics such as high porosity, low cementing degree, and presence of clay minerals (e.g., phyllosilicates). This latter leads to subsequent cyclic mechanisms of hydration/dehydration, which affect these sedimentary rocks. For this purpose, five main different sandstone specimens with evident crystalline matrix decohesion have been selected and analyzed. To define their mineralogical-petrographic (composition, microstructure) and physical characteristics (real and bulk densities, helium porosity, water absorption, mechanical strength, etc.), the optical microscope (OM) in polarized light, X-ray powder diffraction analysis (XRPD), helium and water pycnometer, and point load test were used. Testing the most suitable and compatible products for consolidation and time-saving of the palaeobotanical remains, several experimental treatment tests have been performed using four chemical products (i.e., alkoxysilane ethyl silicates and Na/K-silicate).
Introduction and Aims
Sardinian Jurassic plant remains of the Lovisato Collection ( Fig. 1) , housed at the Geological and Palaeontological Museum of the Cagliari University (Sardinia, Italy), consists of several hundred specimens coming from fossiliferous levels distributed over a wide area (Fig. 2) representing lacustrine-fluvial to coastal transitional environments (Scanu et al. 2012) . These fossils are preserved in different ways according to the environments in which they have been buried. Specimens containing fossil plants formed in river and flood plain environments are subject to alteration, with high risks for loosing information until the entire fossil over time. The specimens of the Cagliari Museum, belonging to the Genna Selole formation (central Sardinia, Fig. 2) , show decay problems with decohesion of rock matrix and subsequent loss of fossiliferous remains. Due to the presence of a high amount of expansible clay minerals, negatively affecting the rock (Berthonneau et al. 2012; Franzini et al. 2007; Jiménez-González et al. 2008; McGreevy and Smith 1984) , these sandstones also undergo decohesion and exfoliation (Fig. 3) , typical processes of decay consisting of a delamination with detachment of multiple thin stone layers sub-parallel to the stone surface (Leoni et al. 2010; Lezzerini et al. 2016) .
In the field of Cultural Heritage in Sardinia, as well as in other Mediterranean countries, the studies focused on the decay problems and provenance are generally addressed to the construction materials of historical buildings or archeological finds (Antonelli et al. 2014a, b; Bertorino et al. 2002; Columbu 2017 Columbu , 2018 Columbu and Garau 2017; Columbu and Verdiani 2014; Columbu et al. 2014a Columbu et al. , b, 2015a Columbu et al. , 2017b Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12371-018-0326-8) contains supplementary material, which is available to authorized users. 2018a, b, c, d, e, f, g; Lezzerini et al. 2016 Lezzerini et al. , 2018 Miriello et al. 2015; Ramacciotti et al. 2018; Raneri et al. 2018; Verdiani and Columbu 2010) . Only few works are addressed to study and to consolidate the altered fossiliferous lithologies with high paleontological-cultural relevance. Apart from providing extremely useful about the geological and palaeobotanic information of Jurassic fossiliferous sandstones, the investigations on the geomaterials represent a scientific basis for the restoration and preservation of this material, especially if it is necessary to intervene with consolidation methods that involve the use of chemicals.
Different kinds of chemicals have often been used in the consolidation of the stone materials of Cultural Heritage from undergoing the chemical or physical decay (e.g., Camaiti et al. 2002 Camaiti et al. , 2006 Camaiti et al. , 2011 Cao et al. 2017; Davison and Brown 2012; De Clercq and De Witte 2001; Doehene and Price 2010; Down et al. 1996; Franzoni et al. 2013; Kim et al. 2009; Koob 1986; La Russa et al. 2011; Siegesmund et al. 2002) . Alkoxysilane chemicals have shown the most promising results in the consolidation sedimentary rocks (e.g. sandstone, muddy-or marly-limestone; Luo et al. 2015; Wheeler 2005 ) containing a fraction of silicate minerals that bind to the hydroxyl group of colloidal silica (Amoroso 2002; Goins et al. 1996; Mameli 2012; Wheeler et al. 1991 Wheeler et al. , 1992 .
Generally, the assessment of the treatment efficiency over time depends mainly on the chemical-physical compatibility between the stone and the product, and microclimatic conditions where the sample is located. Therefore, knowing the compositional and physical characteristics of the stones is very important to define the alteration processes and the correct consolidation technique for each case (Butlin et al. 1995; Cnudde et al. 2007; Price 1996; Sasse et al. 1993; Wheeler 2005) . This research aims to (i) characterize the mineralogical, petrographic, and physical-mechanical features of five main different sandstones with Jurassic plant remains from the Geological and Paleontological Museum of Cagliari University to study their decay processes and (ii) test the correct consolidation treatment to preserve the original palaeobotanical characteristics of the slabs and allowing further detailed studies in them. Thus, several sandstone specimens were studied and treated with four main chemicals (i.e., three alkoxysilane ethyl silicates with different concentrations and a Na/K-silicate consolidant), which have been already used and tested for the Miocene marly-limestone of some important historical monuments in South Sardinia (Columbu et al. 2017a) . To evaluate the validation of consolidation and the efficacy of these selected chemicals, a comparison of the mechanical and physical properties (i.e., punching strength by point load test (PLT), real and bulk densities, helium porosity, water absorption, etc.) determined before and after the chemical treatment of the sandstone samples has been done.
Materials and Methods
From the Lovisato Collection housed at the Geological and Palaeontological Museum of the Cagliari University, five main sandstone specimens have been selected and petrographically studied among those mainly subject by decay processes. The examined samples belong to the Middle Jurassic Genna Selole Fm (Costamagna and Barca 2004; Dieni et al. 1983; Scanu et al. 2014 Scanu et al. , 2015 . The fossiliferous levels represent lacustrine-fluvial to coastal transitional environments (Costamagna et al. 2018; Scanu et al. 2012) .
The Genna Selole Fm is palynologically dated BajocianBathonian (Del Rio 1976 , Dieni et al. 1983 , and it is composed of siliciclastic to mixed siliciclastic-carbonate deposits; it is continental at its base and evolves upwards towards transitional and coastal sediments (Costamagna and Barca 2004) . Its base is composed of conglomerates at the expense of Palaeozoic rocks, and overlying these are fluvial conglomerates composed of well-rounded quartz pebbles derived from the erosion of the Palaeozoic basement (Costamagna and Barca 2004; Dieni et al. 1983; Scanu et al. 2012) .
Mineralogical, Petrographic, and Physical Methods
In order to study the petrophysical and mechanical characteristics of the palaeobotanical slabs, several pseudo-cubic specimens were realized and physical-mechanical properties have been measured (Table 2) . Thin-section specimens for the microscopic analysis (thickness around 30 μm) and powered samples for XRPD analysis were also prepared.
The description of the samples has been previously done under dissecting microscope with reflexed light and polished thin sections with a polarizing microscope (Leitz Wetzlar, Germany) to determine minerals and textural features of the rock. For qualitative and quantitative mineralogical characterization of the crystalline phases in powder samples by X-ray diffraction analysis (XRPD), a Seifert X3000 apparatus (Bragg-Brentano) was used. It Fig. 2 Geological sketch map of Nurallao area (central south Sardinia, Italy) where the sandstone samples were collected (from Scanu et al. 2016, modified) was operated using the CuKα radiation in the range of 5-50 (2θ degrees) with step of 0.05 2θ, with an opportune counting time to optimize the signal/noise ratio. JCPDF-2 database has been used for the identification of the phases. The Inorganic Crystal Structure Database ICSD crystallographic database (Inorganic Crystal Structure Database ICSD, Karlsruhe, Germany, 2012) has been used to compare experimental and deposited structures. Maud software (Lutterotti et al. 1999 ) has been used for Rietveld refinements, and the peak profiles were modeled by using the pseudo-Voigt profile function. Recommended fitting procedures have been adopted, and the instrumental profile broadening was derived from the fitting of XRPD data obtained from standard samples (Ennas et al. 2005; Young 1995) . The scale factor, background contribution, lattice parameter, average crystallite size, and micro-strain have been refined. The R B -factor was used as an indicator of goodness of fit:
where I k is the intensity assigned to the Kth Bragg reflection at the end of the refinement cycles for the observed and calculated data. A maximum error of 2 wt% is evaluated in the XRPD quantitative determination. The physical tests for to determine the porosity, water absorption for immersion, and density were determined according to the following methods (Columbu et al. 2015b ):
1. The specimens were dried at 105 ± 5°C and the dry solid mass (m D ) was determined. The solid phase volume (V S ) of powdered rock specimens (on 5-8 g and with particle size less than 0.063 mm) and the real volume (V R ) with: V R = V S + V C (where V C is the volume of pores closed to helium of the specimens) were determined by helium Ultrapycnometer 1000 (Quantachrome Instruments). Then, the wet solid mass (m W ) of the samples was determined until constant weight. Through a hydrostatic analytical balance, the bulk volume (V B ) with 
•100; Φ O He
3. The punching strength index (PLT index) was determined with a Point Load Tester (mod. D550 Controls Instrument), according to ISRM Recommendations (1972 , 1985 . The load was applied via the application of a concentrated load with two opposing conical punches, according to two different orientations: (1) with load direction parallel to stratigraphic planes of rock specimens (PAR case); (2) with load direction orthogonal to stratigraphic planes (ORT case). The puncturing strength (Is) was calculated as follows: Is ¼
P De
2 where P is breaking load and De the Bequivalent diameter of the carrot ( ISRM 1985) with: De ¼ 4A π ; A = W • D where W and 2L are the width perpendicular to the load direction and length of specimen, respectively, and D is the distance between the two conical punches. The index value is referred to a standard cylindrical specimen with diameter D = 50 mm for which Is has been corrected with a shape coefficient (F) and calculated as: (Luo et al. 2015; Tsakalof et al. 2007 ). The synthesis of materials based on sol-gel process allows obtain the products in which the organic molecules are introduced and linked to inorganic bonds of the silica. In this way, it gives elasticity to the obtained gel that is less susceptible to crimp during the drying phase (Salazar-Hernández et al. 2010 ). These products penetrate as fluid mixture; after about a week, silica turns to viscose phase according to the sol-gel process. Consolidation is effectively complete after about 3-4 weeks from the treatment, when the silica gel will complete its transition to the amorphous solid state (Rodriguez Navarro et al. 1996) . So, up to 1 month, inside the samples billion of filaments of SiO 2 will be made, maintaining the exact chemical structure of the main rock, regenerating and consolidating it but leaving intact the color (Table 2) .
CM consolidant is a concentrated impregnating product of silicates, mainly potassium and sodium silicates in greater quantities (and subordinately Li/Ba amounts) in hydroalcoholic dilution (variable, in average 50%) at pH = 11 ± 0.5 (Table 1) . This solution forms a chemical reaction with the salts of the stone and they stabilize binders forming Ca/Na/ K-carbonates and amorphous silica. The silica has strong consolidating and aggregating capabilities, and the Si-O bond underlying the silica derivatives is very stable and therefore resistant to aging. The low specific weight (1.056 g/cm 3 ) in the formulation makes CM consolidant particularly pervasive in the walls: it is used as well as smoothing of grip to daub walls with lime.
Jurassic proof rocks were treated with impregnation for immersion in the consolidant. The immersion mode allows an optimal distribution of the product inside the stone matrix with widespread and uniform penetration in the outer portion and to obtain direct information on the maximum quantity absorbed by the sample. Before the treatment, all the specimens have been superficially cleaned through the removal of the fats resulting from the sawing operation and they were placed in the stove at 60°C for 72 h. Then, the consolidanting chemicals were applied by gradual immersion of specimens in fiberglass Becher for 48 h at an ambient temperature between 20 and 25°C and relative humidity of 40-50% sheltered from sunlight. Then, samples were left dry in a ventilated room for 28 days.
Results

Petrographic and Compositional Characteristics of Sandstones
Macroscopic and microscopic observations highlight the compositional characteristics of five analyzed samples (A, B, C, D, E). They are generally characterized by weak silicic cementing, low cohesion degree (Fig. 3) , and absence of Cacarbonate cement. In Tables 3 and 4 and in Figs. 4 and 5, the results of mineralogical and petrographic analysis over the samples are reported. Table 3 shows the classification, primary minerals, secondary or other phases, microstructure, cementing degree, lithic/crystal clasts, sediment origin, and granules' physical features (grain size range, grain sorting, shape, and edge) of each sample. Table 4 reports the results of qualitative and quantitative XRPD analysis.
Physical-Mechanical Properties of Sandstones
Untreated Samples
The five sandstones (samples A-E) show different physical properties (Table 5 ; Fig. 6 ).
Sample A shows the lowest values of total porosity with a range of 15.8-20.5 vol% (Table 5 ; Fig. 6a ) and a mean of 18.9 ± 1.5%. The open porosity to water is similar to helium porosity, so the saturation index (SI) is near to 100% (Fig. 6d ). Water absorption test shows a kinetic curve (Figs. 7 and 8a) with intermediate trend with respect to other analyzed samples (Tab. SM1), mainly related to the open porosity values (Table 5) , where the progressive imbibition coefficient is between 6 and 7%. Due to a different mineralogical composition, characterized by the major presence of minerals with higher solid density (i.e., hematite (5%) and muscovite (18%)), this lithology shows the highest values of solid density (Table 5 ) and consequently also the highest bulk density (Fig. 6a, b ) and real density. Considering the very low variability of solid density (with changes only to the third decimal), the real density is mainly affected by the presence of the closed porosity, as shown by the negative correlation in Fig.  6c . The negative correlation between these two parameters is also highlighted inside the other lithology facies (B, C, D, E). Considering all the samples (A, B, C, D, E), the mechanical resistance (here represented by PLT punching index, Is (50) ) is clearly affected by the total porosity (Table 5 ; Figs. 7 and 8a) as highlighted by the correlation coefficient (R 2 = 0.47). The PLT index values of sample A are high (Table 5) , showing the greater mean value despite a higher standard deviation (Table 5 ) due to their very heterogeneity. PLT index shows a lower average value in the PAR case with respect to the ORT case (Table 5) , as it also happens in others samples B, C, D, and E.
Sample B shows a total porosity slightly higher than the sample A, with values ranging from 16.9 to 21.9 vol% (Table 5 ; Fig. 6a ) and a mean of 20.7 ± 1.6%. The saturation index is lower than that of sample A ( Fig. 6d ; Table 5 ). Water absorption test shows a kinetic curve (Figs. 7 and 8a; Tab. SM1) similar to those of sample A, with intermediate trend with respect to other analyzed samples, where the progressive imbibition coefficient is between 6 and 7.5% (Tab. SM1). Due to the lower values of solid density () and the high closed (Fig. 6b, c) . Even if this lithology has a similar total porosity and bulk density than that of the sample A (Table 5 ; Fig. 6a, b) , the PLT punching index shows lower values (Fig. 6e, f) . This difference of physical-mechanical behavior between A and B samples could be explained by the following: (i) a different interlocking degree of the crystalline grains in the two lithologies (lower in sample B; Fig. 4 ) and (ii) low silicic cementing degree of matrix in sample B. Sample C shows a different physical behavior with respect to samples A and B, characterized by higher values of porosity (23.1-32.1 vol.%) and lower saturation index (Table 5 ; Fig.  6d ). Water absorption test shows a kinetic curve (Figs. 7 and 8; Tab. SM1) with higher values of the progressive imbibition coefficient (between 7 and 9%; Tab. SM1) with respect to other analyzed samples, due to higher open porosity (Table 5) . Despite the not low values of solid density and high real density (Table 5) , this lithology has low values of bulk density with a mean of 2.09 ± 0.10 g/cm 3 . Due to the high total porosity and low bulk density, it shows low values of PLT punching index ( Fig. 6e, f ; Table 5 ). Given the similar mineralogical composition of C with sample A, the higher porosity and the lower mechanical strengths are probably due to a higher alteration degree with respect to sample A, as also highlighted by a lower closed porosity (Fig. 6c) .
Sample D shows physical characteristics similar to sample C, with higher total porosity (with a mean of 26.77 ± 1.64; Table 5 ) and consequently lower bulk density (with a mean of 2.04 ± 0.05; Table 5) . The helium open porosity shows higher values with a mean of 23.53 ± 1.64%. Due to a not complete absorption test (for very low grain cohesion), the water open porosity and saturation index show not significant low values (Table 5) . For this reason, in the water absorption test, the specimens rise to a not significant maximum imbibition coefficient of about 2% (Figs. 7 and 8; Table 5 ; Tab. SM1). The real density shows low values with respect to sample C, due to the higher values of closed porosity (Fig.  6c ). This lithology shows very low values of PLT punching index (Fig. 6e, f) . These poor physical-mechanical characteristics probably are due to a lower cohesion and cementing degree and a consequent greater alteration with respect to other samples.
Although it has different textural and grain size characteristics than the other samples, sample E shows a physical behavior similar to sample B, regarding to the total porosity, bulk and real density, and similar to sample A with regard to the total porosity, bulk density, and mechanical strength. The water and helium open porosity are different to samples A and B. Excluding the anomalous data of sample D, the saturation index is lower with respect to the other samples (Table 5 ). Water absorption test shows a kinetic curve (Figs. 7 and 8) with low values of progressive imbibition coefficient (around 5%; Tab. SM1), related to lower open porosity values (< 18%; Table 5 ). Despite the low values of solid density (2.77 g/cm 3 ; Table 5 ) with respect to other samples due to a low total porosity, this sample shows high values of bulk density (Table 5 ). These properties lead to a good mechanical strength, close to that of the sample A (Fig. 6e, f) .
Consolidated Samples
In Table 6 , the means of the physical-mechanical data of the untreated and treated samples (four specimens for each case) are reported for comparison, separated between PAR and ORT cases of load orientation according to PLT index results.
The untreated samples A and E show the highest PLT index with mean values in the different cases of load direction (PAR, ORT) of 1.15-1.86 MPa and 1.18-1.48 MPa, respectively (Table 6 ). Due to very high alteration degree, the untreated D sample shows the lower PLT index with means of 0.32-0.54 MPa.
For samples treated with Indur IN, the increases of PLT index are lower respect to the other chemical treatments in all five sandstones, with values between 9% (ORT) and 79% (PAR) in samples A, B, and C, and 1% (PAR) and 28% (ORT) in samples D and E (Table 6 ).
The Indur PI shows a better PLT index increase in the E sample (ΔIs (50) : 116% in PAR and 167% in ORT, Table 6 ; Fig. 10 ), whereas other samples show lower values, between 15 and 70% in sample D, and between 27 and 140% in samples A, B, and C.
In the samples treated with Indur FB, the increases of PLT index are greater respect to the other chemical treatments in all five sandstones (Table 6 ; Fig. 10 ). The increase is better than samples B and D, with values of ΔIs (50) between 609-269% (according to PAR and ORT) and 482-632%, respectively (Table 6 ). In the other samples (A, C, E), the increases are still higher than the average of other chemicals 162-83%, 377-303%, and 219-182%, respectively (Table 6) . The samples treated with CM show a variable mechanical behavior with respect to other chemicals (Table 6 ; Fig. 9 ). The PLT index increase is low in samples A, C, and E (with ΔIs (50) values 74-31%, 50-75%, and 18-29%, respectively, Table 6 ; Fig. 10 ), while it is more effective in sample B (432-132%) and especially in sample D (54-144%) with respect to other chemicals of Indur IN and Indur PI.
In Table 7 , the means physical-mechanical data of treated samples (calculated on eight specimens) are reported.
Observing the histograms of Fig. 11a -e, where all data are reported (see Tab. SM2a-e), the results confirm the physical behaviour of untreated and treated specimens shown before: higher resistance (before and after consolidation) of samples A and E and lower values of mechanical strengths for samples B, C, and D, in order of decreasing resistance. In Fig. 11f , it is possible to better observe the behavior of analyzed samples with respect to the four chemicals: in samples A and E, the Indur chemicals show always a positive improvement of PLT index (as function of the concentration of chemical in the solution, Table 1 ) as well as the CM product (albeit with lower increments), while in samples B, C, and D, the Indur chemicals show heterogeneous trends, where only the Indur FB shows an effective increase of PLT index in all analyzed specimens.
CM product seems also effective in cases of consolidation of very degraded sandstones with poor cementation (e.g., sample D).
Regarding the results of other analyzed physical properties (density, porosity, imbibition coefficient, water saturation index) after the consolidation tests, it can be argued that these have remained almost unchanged in all cases of chemical treatment (Tables 5 and 6 ; Figs. 7, 8b and 9). Only a foreseeable slight decrease in the water and helium open porosity is evident, which in the case of sample D (initially with strongly decohesion and loss of material) is in not significant counter-tendon, especially as regards to the helium open porosity (Fig. 9) .
Even the water absorption kinetics remained virtually unchanged (Figs. 7 and 8a, b), with slight decrease of a few percentage points of the progressive imbibition coefficient in the treated specimens. No difference is observed between the various treatments; only in samples A and E there is a greater variability in kinetic curves, linked to a lower porosity of rock (and possibly also a smaller radius of pores), which is reflected in a higher heterogeneity in the water absorption process.
Discussion
The mineralogical and petrographic analyses of the sandstones highlighted that their physical characteristics depend on the (i) mineralogical composition, which mainly affect the solid density and consequently the real and bulk densities; (ii) different local sedimentation conditions (i.e., depositional compaction, granule-interlocking degree) of Genna Selole Formation (Fig. 2) , which affects the matrix cementing and distribution of primary porosity; and (iii) alteration degree, which increases the quantity and size of pores (secondary porosity) with a consequent decrease of the mechanical strength of the rocks.
The alteration of the analyzed sandstones mainly depends on the singenetic cementing degree and especially on the epigenetic processes that make such rocks easy degradable.
Considering the high value of porosity (Table 5) , probably only the presence of water circulating into the rock constitutes a significant factor for the physical decay of these rocks with decohesion of matrix granules, due to the variable presence of the clay minerals. These latter are hygroscopic phases, and in normal conditions, with the variation of air humidity, they undergo continuous cyclic processes of hydration and dehydration (Brown 1961) , producing a reversible hydric dilation of sandstone and consequently destructive effects inside the Fig. 5 Rietveld plots of the XRPD pattern of sandstone samples A-E. For each pattern, the dots are the experimental data, the solid lines are the calculated data, and the dotted lines show the difference profiles. The lower vertical bars represent the reflection positions of quartz (Qz), muscovite (Ms), kaolinite (Kln), and hematite (Hem), respectively. In the XRPD pattern, the most intense peak of each phase is also indicated Table 5 Physical data of untreated five sandstones, determined on specimens with edge of 20 ± 5 mm. Legend symbols: ρ S = solid density; ρ R = real density; ρ B = bulk density; Φ O He = helium open porosity; Φ O H 2 O = water open porosity; Φ C He = helium closed porosity; Φ T = total porosity; IC W = imbibition coefficient by weight %; SI = water saturation index after immersion absorption; Is (50) = punching index by point load test (MPa). Results of PLT according to load direction: PAR = load applied parallel to stratification planes of sandstone; ORT = load applied orthogonal to stratification planes of sandstone. Symbols: μ = mean; σ = standard deviation porous matrix (Franzini et al. 2007; Guerrero et al. 1990; Zezza et al. 1990 ). In fact, being negatively charged crystals, the clay-minerals are subjected by osmotic swelling (Sebastián et al. 2008) or, in other cases, intra-crystalline swelling due to their hydration (Moore and Reynolds 1997) with a crystal basal spacing until about to 70% at water (or humidity) saturation (Colas et al. 2011; Wangler and Scherer 2008) . Then, on function of physical and mechanical characteristics of the rock (e.g., elastic modulus; Jimenez-Gonzalez et al. 2008) , the cyclic swelling of clay minerals in the outer portion of sandstones leads to dimensional variations with exfoliation or flaking (Berthonneau et al. 2012) .
The results of the consolidation show a general positive improvement of mechanical strength in the treated samples (Table 6 and Fig. 10) . Regardless of the chemicals used, the increase of PLT index (ΔIs (50) %; Table 6 ) is generally greater in the treated samples with load application direction parallel to stratigraphic planes (PAR case) with respect to the case with planes orthogonal (ORT). This is due to the greater traction resistance to conical tip load in the treated rock, because the physical discontinuities between the stratigraphic plans are saturated by the consolidant, differently from the untreated rock in which the discontinuities instead represent a point of weakness.
The experimental treatment with ethyl silicates (Indur products) leads to a good consolidation of analyzed sandstones. As already highlighted by several authors (e.g., Coins 1995; Wheeler 2005) , the alkoxysilanes form a nearly continuous coating of well-conforming gel with several tendrils attached to the grains of silicate minerals, forming a compact network able to withstand higher mechanical strength. Results also show that increasing the concentration of the silicates in the ethyl solution, there is a clear crescent improvement of the mechanical strength, indicating a better effectiveness of consolidation, although with some exceptions. The samples treated with Indur IN (with a concentration of 30%) show the lower increases of PLT index after the treatment (Table 6) , while those treated with Indur PI (with a concentration of 50%) show a greater increase of PLT index (Table 6 ) in samples A, B, and C and mainly in sample E. Nonetheless, sample D shows a mechanical improvement. In the samples treated with Indur FB (conc. 70%), the increases of PLT index are greater respect to the other ethyl silicate chemicals (Indur IN and PI) in all five sandstones. The better increase is in the sandstones (i.e., samples B, D, and C) characterized by medium-high He open porosity (18-24%) and/or low cementation. In samples A and E, characterized by medium porosity (about 12-16%), due to a less easy absorption of the chemical and the higher concentration, the increases are still higher than the average of other chemicals.
The good performance as consolidant of ethyl silicates depends also on the mineralogical composition of these sandstones, with the presence of minerals with hydroxyl groups (i.e., silicates) that ease bonding of the colloidal silica to matrix. As highlighted by some authors (Elfving and Jaglid 1992) , quartz, feldspar, and subordinately also muscovite, react with solutions of alkoxysilane ethyl silicate forming C-H bonds. However, according to Elfving and Jaglid (1992) , the clay minerals (i.e., muscovite, kaolinite, and phyllosilicates), despite abundant presence of OH groups and receptive surfaces for alkoxysilane chemicals, do not show a good bond. This explains (Sattler and Snethlage 1988) why sample E, characterized by high amount of quartz (90% ; Table 4 ) and low presence of kaolinite (5%) with respect to the other samples (63-74% and 12-16%, respectively; Table 4), when treated with ethyl solution with medium concentration (Indur PI) shows the better increase of mechanical strength with respect to the other samples. In fact, when it is treated with more high concentration (i.e., Indur FB), it shows lower increase of mechanical values, due to its low open porosity that it not allows a high depth penetration of chemical.
Finally, with regard to the relations between the stone composition and the consolidation efficiency of the alkoxysilanes, in agreement with Sattler and Snethlage (1988) , the claycemented sandstones (samples A, B, C, and D) exhibit only half the strength increases of silica-cemented sandstones (sample E) when each is treated with ethyl silicates.
Generally, after the consolidant treatment of rock, the deposit of alkoxysilane gel slightly affects the characteristics of the porosity (e.g., amount, pore size distribution) and the hydraulic properties of stone (Fitzner and Snethlage 1982) , especially in the case of limestones (Hammecker et al. 1992; Tabasso and Santamaria 1985) . In the case of the analyzed sandstones, the treatment not significantly changes the Table 6 Physical data of untreated and treated five sandstones with four chemicals (Indur In, Indur PI, Indur FB, consolidant CM), determined on specimens with edge of 20 ± 5 mm. Legend symbols: ρ S = solid density; ρ R = real density; ρ B = bulk density; Φ O He = helium open porosity; Φ O H 2 O = water open porosity; Φ C He = helium closed porosity; Φ T = total porosity; IC W = imbibition coefficient by weight %; SI = water saturation index after immersion absorption; Is(50) = punching index by PL Test (MPa); Δ Is(50) = % variation of punching index by PLT values before and after treatment consolidation. Results of PLT according to load direction: PAR = load applied parallel to stratification planes of sandstone; ORT = load applied orthogonal to stratification planes of sandstone. Symbols: μ = mean; σ = standard deviation a Mean values calculated on four untreated specimens (see Table 5) determined physical properties (e.g., porosity, imbibition coefficient, water absorption kinetics; Tables 5 and 6 ; Figs. 7, 8, and 9) , with only a slight decrease in the water and helium open porosity. In the case of CM treatment, the results highlight a variable physical-mechanical behavior of samples with greater data dispersion. Except some cases, the better increase of PLT index (Table 6 ) also with respect to other chemicals of Indur IN and PI is in more altered samples (B, C, and D), which have medium-high He open porosity (18%, 22%, and 24%, respectively; Table 6 ; Fig. 10 ) and the lower mechanical strengths on the untreated samples. The poorly altered samples (A, E), characterized by a lower He open porosity (mean 15-16%) with respect to samples B, C, and D, show increases of ΔIs (50) . However, according to Columbu et al. (2017a, b) and other authors (e.g., Arnold and Zehnder 1991), after its application secondary products are often present (i.e., NaOH salt efflorescence with elongated crystals), which are harmful and with not good appearance nice to look for museum specimens.
Thus, the ethyl silicates based on alkoxysilane (i.e., Indur CI and FB products) are probably more suitable for the treatment of the sandstone specimens. Nevertheless, considered the high increasing of punching strength (with ΔIs (50) > 300% in Indur FB; Table 6) in the treated samples, some considerations must necessarily be made on the correct application and concentration of these chemical consolidants in relation to the best effectiveness of the stone treatment. The considerable increase of mechanical strength induced by consolidants is not always synonymous of perfect efficacy of the treatment, especially in relation to its durability in time. In fact, it is dangerous and not perfectly performing in a conservative treatment, especially when the product does not penetrate sufficiently deep into the stone, for example, when (a) the brush application of chemical is used, (b) the concentration of chemical is high, and (c) the stone have low open porosity (< 10%). This can happen when the surface application of chemical produces a crust of material with different physical-mechanical behavior from the inner material substrate not reached by the product. For these reasons, the consolidation of specimens by total immersion used in this research is the most appropriate method, which allows a homogeneous penetration of the product.
Then, to prevent the formation of external crusts and for having a homogeneous physical-mechanical behavior in the specimen, it is better to use concentrations of the alkoxysilane chemicals on function of open porosity, mechanical strength, and alteration degree of the untreated samples.
Conclusions
The investigations on five different sandstone specimens coming from the Lovisato Collection allowed us to characterize their mineralogical, petrographic, and physical-mechanical features for studying their decay processes.
The high solid and real densities depend on the mineralogical composition of analyzed sandstones, while the bulk density and the primary porosity are mainly affected by different local depositional compaction and sedimentation conditions of the Genna Selole Formation. The results show that the mechanical strength, closely linked to porosity of the rocks, also depends on the epigenetic alteration degree, which affects the cementing and granule-interlocking degree, leading to an increase of the amount and size of secondary porosity and a consequent physical decay (i.e., matrix decohesion and exfoliation). Moreover, this research highlighted the consolidation effectiveness of four different selected products used for the experimental treatment of the analyzed sandstones. The results show a different physical-mechanical behavior of five sandstone lithologies as function on the chemical used. The performance is mainly closely related to the syngenetic mineralogical composition and petrophysical characteristics of these rocks (i.e., microstructure, texture, porosity).
The Indur treatments with alkoxysilanes show a better consolidation for sandstone specimens, due to the presence in these latter of minerals with hydroxyl groups (i.e., quartz, feldspar, and subordinately also the muscovite) that, reacting with ethyl silicate, form C-H bonds between the colloidal silica and the rock matrix. However, some clay-minerals (i.e., kaolinite, hematite) show less reaction with alkoxysilane chemicals with respect to quartz and feldspar, which have lower concentrations of Si-OHs. Thus, given the different mineralogical composition, the clay-cemented sandstones (samples A, B, C, D) with higher amount of kaolinite exhibit about half of the strength increases compared to the silicacemented Qz-sandstones (sample E) when each is treated with ethyl silicates. Indur FB ethyl silicate (with a concentration of 70%) shows the best mechanical increase and therefore it can be used to consolidate the analyzed sandstone specimens, Fig. 11 Histograms of point load test punching index results of untreated and treated sandstones with four chemicals (Indur In, Indur PI, Indur FB, consolidant CM). a-e Punching index data for five analyzed samples, determined on eight specimens for each sample and for each treatment. f Punching index on eight specimens for each sample, determined for each treatment. Symbol: Is (50) = punching index while the Indur IN, due to its low concentration (30%), shows low mechanical strength and it is unsuitable for the consolidation. However, given the high concentration and viscosity of Indur FB, which affects the penetration depth of chemical, the consolidation effectiveness of FB treatment is greater when the stone has He open porosity > 20%, due to an easier penetration of the product, while in the specimens with lower porosity the its effectiveness decreases. For this reason, and in order to avoid the formation of a crust with physicalmechanical behavior too different than the more internal substrate of the sample (which would cause a possible detachment of the surface portion), it is advisable to proceed differently depending on the features of the sample to be consolidated. In the case of strongly altered sandstone specimens (samples B, C, D), it is correct to use an ethylic ester solution with a concentration of silicates between 50% (Indur PI) and 70% (Indur FB), depending on the original mechanical strength of untreated samples (related to the internal cohesion degree of the sample) and the amount of the open porosity of the specimens. In the case of poorly altered sandstone specimens (samples A, E), it is better to use a solution with a concentration between 30% (Indur IN) and 50% (Indur PI) to allow the product to penetrate as deeply as possible.
The alkali-silicates consolidating treatment with CM product seems also effective, especially in the cases of very poor cemented or degraded sandstones. However, the chemical leaves secondary visible phases (e.g., NaOH) on the surface of the stone. Therefore, this product is unsuitable cannot be accepted for consolidation of museum fossiliferous samples.
